More and more EMC tests have shown that the radiated emission problems of the equipment under test mainly concentrate on the interconnected power cables and cable connectors. Measurement of shielding performance is a prerequisite for quantitative and qualitative evaluation of the frequency-dependent characteristic of braided-shield power cables and cable connectors. Due to the asymmetric geometric structures of these cable assemblies, compared with the coaxial and symmetrical communication cables, the commonly used transfer impedance testing methods may not be suitable. In view of this, several improved simple and effective measurement methods, including transfer impedance and shield reduction factor testing methods, were proposed in recent years. These methods, based on the equivalent circuit model of the characteristic parameters, provide good repeatability for the measurement of shielding performance. This paper presents an overview analysis of various measurement techniques for shielding performance of power cables and cable connectors, highlights some of its equivalence principle in measurement setups, and showcases a brief comparison between transfer impedance and shield reduction factor.
INTRODUCTION
Braided-shield power cable is a common component widely used for the interconnection of various electrical devices. Relatively independent high-voltage high-power drive system, whether high-speed railway traction, electric ship propulsion, or electric vehicle drive system, will inevitably produce electromagnetic interference (EMI) due to the extensive application of unbalanced non-linear loads and highpower electronics. Moreover, the ever-increasing number of electromagnetic compatibility (EMC) tests indicate that the violation of radiated emission (RE) threshold limits of MIL-STD-461G, European Norm EN55022/032 or other relevant standards mainly concentrates on the interconnected cables, so that a formerly quite neglected EMC problems is now widely investigated [1] - [3] .
In general, the objective of braided-shield cable is to reduce significantly the effects of incident fields on sensitive circuits as well as to prevent the emission of components of the system from radiating outside the boundaries limited by the shield. The aspect ratio of braid shield is very often potentially responsible for an antenna-like behavior, and thus of the resulting emission and susceptibility problems in many installations [4] . For the selection of braided-shield power cable, especially considering the electromagnetic shielding requirements of practical engineering, mainly relies on characteristic parameters used to represent this specific coupling. Accordingly, there is no doubt that qualitative and quantitative eval-uation of electromagnetic shielding characteristic of cables should be carried out in accordance with the susceptibility and emission mechanism of transient electromagnetic fields (EMFs) to braid shield.
In view of the standards and existing literature, either parameter of transfer impedance and shield reduction factor is sufficient to fully describe the electromagnetic shielding behavior of cables [4] - [6] . The analytical methods (e.g., Vance [7] , Tyni [8] , Demoulin [9] , Sali [10] , and Kley [11] model, especially these models are discussed in [12] ), and numerical methods (e.g., finite element method (FEM) [13] , [14] ) can provide frequency-dependent characteristic parameters of braid shield, respectively. Whereas these methods are useful to optimize the material and geometric parameters of braid shield, only direct measurement technique is feasible for the reliable qualitative and quantitative evaluation. It is worth noting, however, that EMC standards, e.g., IEC 62153-4-3 [15] and IEC 62153-4-6 [16] , determine the testing methods of transfer impedance for coaxial and symmetrical communication cables only. Generally, power cables could have asymmetric geometric structures which might make the standard methods unapplicable as they are. For this reason, several investigations on the measurement of shielding performance for braided-shield power cables and cable connectors have been conducted in comparison with standard methods.
In this paper, a short overview on some main results and recent progress on measurement setups for shielding perfor-mance of power cables and cable connectors is presented. The paper is organized as follows. Investigation begins in Section 2 with a brief review of characteristic parameters for the qualitative evaluation of braid shield. Quantitative configurations in the frequency range from 25 Hz to 110 MHz are discussed in Section 3, which can not only estimate the suppression effect of higher harmonics, but also provide effective estimates for the potential coupling of FM radio signals to cables. Section 4 presents a comparative analysis for transfer impedance and the shield reduction factor. The evaluation of the testing methods and the applicability of these methods are explained in Section 5. Finally, a summary is given in section 6.
CHARACTERISTIC PARAMETERS 2.1. Transfer impedance
The use of transfer impedance Z t , as defined in Fig. 1 , is well accepted for evaluating the electromagnetic shielding performance of braided-shield cables. The external timevarying EMFs coupling to inner conductor, i.e., corresponding to the effects of voltage source V ss and current source I ss on the equivalent circuit, will generate induced voltageV i and induced current I i in inner conductor,V s and I s in braid shield, respectively. In this way, for transfer impedance Z t , these parameters are related to each other by equivalent voltage source V si as [5] , [12] Fig.1 . Basic structure a) of braided-shield cables, and equivalent circuit b) for an electrically short cable with an infinitesimal length dL, i.e., equivalent circuits are formed between inner conductor and interior of braid shield, exterior of braid shield and ground. In specific, Z i (Y i ) and Z s (Y s ) represents equivalent impedance (admittance) per unit length for inner conductor and braid shield, respectively.
Then, transfer impedance Z t can be linearly derived from (1) in terms of I i = 0 , and defined as the ratio of induced conductor-to-shield voltage per unit length to the shield current:
Shield reduction factor
In [5] , the concept of shield reduction factor, K r , provides an unambiguous evaluation criterion for the effectiveness of braided-shield cables, and thus, constitutes another particularly convenient means of the shielding performance. The equivalent circuit similar to Fig. 1 , shows the induced voltage V ig and V isg in Fig. 2 as functions of I ig , I s and impedance parameters. The shield reduction factor K r in dB, can basically be defined as the ratio of induced voltageV isg appearing, inner conductor to shield at the receiving end of the cable, to induced voltageV ig applied in series into the loop without braid shield [5] , [17] , viz., With the shield grounded induced voltage V isg mainly depending on Z t . Note that both ends of the shield are considered to be connected to an ideal ground, and consequently V isg = V si . On the contrary, if there is no shield or shield with floating ground, induced voltage V ig is positively correlated with impedance (denoted as Z loop ) of the inner conductor to ground loop, and V ig = I ig · Z loop . Therefore, shield reduction factor K r can be rewritten as
Other characteristic parameters
In addition to the characteristic parameters previously mentioned, screening attenuation a s and shielding effectiveness (SE) can also be used to estimate the performance of braid shield. Screening attenuation, a s , usually expressed in dB, is defined as the ratio of feeding power P g to the radiated maximum power P rad,max in the circuit [18] . And it can be expressed by a s (dB) = 10 lg P g P rad,max (5) It is worth noting at the outset that shielding performance of connectors should be no worse than that needed for cables under test to which they are attached. And screening attenuation a s can establish a relationship with transfer impedance Z t if one considers external circuit parameters over the measurement setup. However, screening attenuation is mainly used to measure the shielding performance of electrically long cables, and the lower the frequency, the longer the cable under test should be.
Similarly, SE of any configuration is defined as a ratio between two suitable electromagnetic power, electric field, or magnetic field values, namely
As per [4] SE is a measure of the reduction or attenuation of the EMFs at a given point in space caused by the insertion of a shield between the source and that point. Obviously, SE as well as screening attenuation a s can provide an intuitively complete analysis of attenuation of electromagnetic energy to braid shield. Nevertheless, there is still some difficulty due to the actual dimensions of cables, which make the insertion of field probes inside the shield difficult. And the measurement suffers from several drawbacks: the two setups (with and without shield) will differ in their terminal conditions because of the influence of braid shield on the line characteristics, namely the propagation constant and the characteristic impedance. In addition, mechanism of electromagnetic radiation for cable with and without shield is significantly different. In view of these, SE is not suitable, on the one hand, the two configurations must be identical, and the requirement is not easy to achieve [4] , on the other hand, the mechanism of electromagnetic radiation of cable should be considered.
MEASUREMENT TECHNIQUES 3.1. Triaxial method
Triaxial method (TM), a measurement setup as shown in Fig. 3 , is a classical method for the transfer impedance measurement of coaxial and symmetrical cables (electrically short) as well as screening attenuation (electrically long). TM used for transfer impedance measurement, in general, is suitable in the frequency range 10 kHz to a cut-off frequency f tri,cut which mainly depends on the coupling length L discussed in detail in [15] . The so-called triaxial structure is consists of inner conductor, braid shield and tube, where the equivalent circuit of the former two is regarded as the primary loop, and the latter two as the secondary loop. Contrary to the equivalent voltage source V si shown in Fig. 1 , the equivalent voltage sourceV 2 related to transfer impedance Z t should exist in the secondary loop in case of reciprocity. Obviously, transfer impedance Z t shown in Fig. 3 .b) can be derived according to
It is worth remarking that R 1 in the primary loop, should be matched with the characteristic impedance Z pri of the cable under test, while R 2 does not have to be equal to the characteristic impedance Z sec of the secondary loop. To simplify the analysis procedure, we make an assumption that R 1 = Z pri . Otherwise, for the case where reflection coefficient can not be ignored, the relevant detailed explanation is discussed in [19] .
Considering the equivalent circuit of secondary loop in the measurement setup, V 2 can be derived from V r , i.e., directly measured by receiver. Referring to the equivalent circuit of primary loop, I s can be easily calculated. Note that the Fig. 3 . Measurement setup a) with vector network analyzer, and equivalent circuit b) for the triaxial method. The impedance of the generator and receiver are Z g and Z r , respectively, and in general Z g = Z r = 50 Ω . conductor-to-shield voltage V 1 is provided by a signal generator (source voltage denoted as V g ) instead of excitation over electromagnetic induction. Thus, for the primary loop, (7) is rewritten as
Specially, for a calibrated receiver or vector network analyzer (VNA), the second term on the right side of (8) is
Where a meas is the attenuation during the measurement operation, and defined by taking account of the power P g fed to the primary loop and the power P r fed back to the receiver over secondary loop, or of the fact that the scattering transmission parameter S 21 are measured by VNA, hence a meas = 10 lg P g P r = −20 lg(S 21 )
If the coupling length L is electrically long, TM shown in Fig. 3 can be used for the measurement of screening attenuation a s , and (5) can be written as [20] a s (dB) = 10 lg P g P rad,max = 10 lg 2Z N Z r · P g P r,max (11) Where Z N is the normalized value of the characteristic impedance of the environment of a typical cable installation, and P r,max is the measured power received on the input impedance Z r in the secondary loop. In addition, P r,max and P g can be related to the transfer impedance Z t at high frequencies according to [20] 
Where c is vacuum velocity, Z f is the capacitive coupling impedance of the cable under test, ε r1 and ε r2 represent relative dielectric permittivity of the cable under test and the secondary loop respectively.
Line injection method
Line injection method (LIM) is another classical method for the transfer impedance measurement of coaxial and symmetrical cables in the frequency range from a few kHz up to and above 1 GHz [16] , the basic configuration with VNA is shown in Fig. 4.a) . If the output signal of VNA is provided as shown by the red arrow, and the coupling length L ≪ λ line,cut (wavelength corresponding to the cut-off frequency), the equivalent circuit for LIM is shown in Fig. 4.b) , where electrical connections form the primary loop and secondary loop over shield-to-injection line and inner conductorto-braid shield, respectively.
It is worth noting, again, that the prerequisite for the equivalent electrical model is that the cable under test should be electrically short, and R 1 and R 2 (shown in Fig. 4 ) are well matched to the characteristic impedance of the primary loop, and secondary loop respectively. As per [19] , the coupling length L, should not exceed one-tenth of the λ line,cut , to be considered as electrically short, e.g., L = 0.5 m, and the upper frequency is only 60 MHz. In view of this, the transfer impedance Z t , as shown in Fig. 4.b) , can also be derived in terms of (7), Fig. 4 . Measurement setup a) with vector network analyzer, and equivalent circuit b) for the line injection method. Ferrites are used to aviod ground-loop effects.
Current probe method
Current probe method (CPM) is a relatively simple way to obtain transfer impedance Z t of the cable under test [21] , [22] . The measurement configuration is illustrated in Fig. 5 . During the measurement operation, electric signal is injected into the braid shield-to-ground loop (i.e., the primary loop) over the injection probe, and consequently, the equivalent voltage source V 2 related to Z t can be regarded as the main power source in the shield-to-inner conductor loop (i.e., the secondary loop) that both sides are well matched with terminal impedance R 1 . On the one hand, the receive port of the VNA connects with the monitor probe, the shield-to-ground current I s is expressed by the scattering transmission parameter S 21,m (i.e., the red arrow shown in Fig. 5.b) ), while on the other hand the receive port, instead of a well-matched impedanceR 1 adjacent to the monitor probe, directly connects with the secondary loop, and scattering parameter S 21,l related to the power of V 2 is measured (i.e., the blue arrow). Suppose that the coupling length of the cable under test is electrically short, and the secondary loop is well matched (the characteristic impedance Z sec and R 1 should be equal to the port impedance Z r of VNA, and in general, Z sec = R 1 = Z r = 50 Ω). As we all know, the scattering parameter has the dimensions of the square root of power, S 21,m and S 21,l can be written as S 21,m = P r,m P g , S 21,l = P r,l P g
Where P g is the power fed to the primary loop over the injection probe, P r,m and P r,l represent the power fed back to the receive port, respectively. Referring to Fig. 5 , P r,m is
and P r,l is
Where V r,m is terminal voltage of the receive port, Z tt represents the transfer impedance between the monitor probe and the shield, I 2 is the current in secondary loop. Obviously, I s can be easily derived by combining (14) and (15),
and I 2 is
Then, if we substitute (14) and (16) into (18) we obtain the following relationship:
3.4. Ground plate method Ground plate method (GPM) is improved by the commonly used TM, and especially designed for braided-shield power cables and cable-connector assemblies [23] - [25] . The configuration is shown in Fig. 6 . A copper plate is used in the secondary loop instead of tube structure as shown in Fig. 3.a) , and it is apparent that the equivalent circuit for conductor-toshield and shield-to-copper plate can be regarded as primary loop and secondary loop, respectively. If the output signal of VNA is provided as shown by the blue arrow, copper plate is used in the primary loop instead of the injection line, and consequently the equivalent circuit shown in Fig. 4 .b) is also suitable for GPM. 
Shield reduction factor method
Shield reduction factor method (SRFM) is an effective way to evaluate the frequency-dependent shielding performance from a few Hz to a few MHz. According to the definition of shield reduction factor K r in (3), the measurement setup is described in detail in Fig. 7.a) . When current is injected into the shield (see black arrow dashed line), the single-pole double-throw (SPDT) switch S connects to terminal A and B, and the corresponding induced voltages V A and V B are measured, respectively. Then, it is clear that the ratio of V A to V B can be understood as V isg / V ig in (3). Regarding electromagnetic susceptibility or emission of the cable under test, the induced shield current I s is considered as having a gradually decreasing current density J s as shown in Fig. 7.a) . In [12] , these variations can be approximately determined by the skin depth of the material of braid shield. Yet, skin depth influence is rapidly overcast by the leakages of the braid weaving.
In other words, the skin depth also indirectly determines the upper frequency limit of SRFM. However, it is worth noting that the source is directly loaded onto the braid shield, it is uncertain how many amperes will have to be supplied by the power source to ensure that the measurement for induction voltage has a sufficient dynamic range [17] , [26] . Fig.7 . Measurement setup for the shield reduction factor method.
In [26] , an improved SRFM was proposed, and the gainphase test port (5 Hz -30 MHz) of Agilent E5061B VNA was used not only as a broadband power supply but also as a highprecision receiver with a dynamic range of greater than 90 dB. The configuration is shown in Fig. 7.b) , the cable under test and injection cable are arranged in parallel with the same height, where one part of the output of low frequency (LF) source is injected into p 1 with a power splitter, the other part is fed back to the R-ch receiver of VNA, and the induced electrical signal of p 4 is measured by T-ch receiver. For terminals p 2 and p 3 , the inner conductor directly connects to braid shield. When the switch S connects to terminalC, a L ×W rectangular loop is formed, which means that both sides of braid shield are well grounded, and effectively suppress the induced voltage (i.e.,V isg in (3)) between inner conductor and ground, and the corresponding measurement parameter of VNA is denoted as T 1 / R. Conversely, the L ×W rectangular loop is open, and the measured parameter of VNA, denoted as T 2 / R, is mainly dependent on the induced voltage (i.e., V ig in (3)). Note that R measured by R-ch receiver over two measurements can be considered as a constant value, and consequently, K r is rewritten as
Referring to Fig. 7 , the L × W rectangular loop is closely related to the value of K r , regardless of the method used for measurement. In fact, the impedance of L × W rectangular loop is Z loop in (4), i.e., when the coupling length L is determined, W can be easily calculated by Z loop , and the relevant formulas are already pointed out in [26] - [28] .
DISCUSSION AND ANALYSIS
Measurement of SRFM was carried out as arranged similarly to Fig. 7 .b) in the frequency range 25 Hz to 1 MHz. Fig.  8 shows the test value K r , the derivation Z t of K r , obviously, these values unveil three basic frequency ranges, i.e., domain I, II, and III. Fig. 8 . Frequency-dependent magnitude of transfer impedance Z t (Upper) and shield reduction factor K r (Lower). Z t is the derivation calculated by the test value of K r from 25 Hz to 1 MHz, the braidedshield power cable under test is CJPF 96 / SC 2 × 25 mm 2 provided byChangzhou Marine Cable Co., Ltd. (China).
As previously mentioned in (4), the frequency-dependent characteristic of K r mainly relies on Z t and Z loop . Without loss of generality, we can assume thatZ t = R t + j ·ω ·L t andZ loop = R s + j · ω · L loop , i.e., impedance can be regarded as series resistance and inductance. In general, another assumption in [17] is that R t ≈ R s , and therefore, (4) is rewritten as
More precisely, the value of L t is about several nH/m for the common single layer braid, while L loop is about 1 µH/m at a height of 50 to 500 mm above ground [5] , [29] .
Regarding domain I, i.e., below 2 kHz, R s ≫ ω · L t , and (21) can be simplified as [5] , [17] 
Obviously, K r tends to a constant value approaching 0 dB, and it means that the braid shield of the power cable under test offers relatively poor performance below 2 kHz. Note that the inductance of braid shield, L s (see Fig. 2 ), is included in L loop , i.e., the inductance of L ×W rectangular loop. Therefore, the value of L s can be increased appropriately in order to improve the shielding performance in the frequency range of domain I, i.e., conductive materials with relatively high permeability can be used for braid shield. Similar to the prerequisite of (22), R s ≫ ω · L t , Z t dominated by R s is frequencyindependent, and Z t ≈ 9.93 mΩ/m . Regarding domain II from 2 kHz to 100 kHz, Z loop relies on ω · L loop , the corresponding range is approximately from 0.01 to 0.6, and (21) is
K r is negatively correlated with frequency, and Fig. 8 also shows the test value ofK r has similar frequency-dependent behavior, i.e., K r decreases with increasing frequency. Referring to ω · L t , the maximum value is about 1.9 × 10 −3 (K r = −50 dB) . Considering the equivalent model of series resistance R s and inductance L t , Z t still depends on R s , and Z t is negatively correlated with frequency from 10 kHz to 100 kHz. As per [12] and [25] , Z t decreases with frequency mainly relies on the scattering part (denoted as Z d ) of R s , namely
Where m δ is positively correlated with d/δ , and d is the thickness of single braid wire, δ is the skin depth. As frequency increases, the skin depth δ decreases, and the corresponding m δ increases. Specifically, if m δ 1 , then sinh (m δ ) ≈ m δ , i.e., f 10 kHz, and Z t ≈ R s . Otherwise, if m δ > 1 , then sinh (m δ ) > m δ , and consequently, Z t decreases with increasing frequency in terms of (24) . Regarding domain III above 100 kHz, the inductance component in Z t is gradually significant, and Z t increases linearly with the frequency. Therefore, (23) can also be further simplified as
In view of this, K r keeps a constant value related to the material and geometric parameters of braid shield. Note that either parameter of K r and Z t is sufficient to describe the effect of suppression on common mode (CM) conduction coupling, not only for radiated coupling. In addition, as discussed in [5] , the concept of K r indicates that it can be used for evaluating shielding performance of emission as well as susceptibility.
EVALUATION AND SELECTION OF TEST METHODS
Quantitative evaluation of electromagnetic shielding performance of braided-shield power cables in the frequency range 25 Hz to 110 MHz cannot be achieved by only one configuration discussed in Section 3. Regarding frequency below a few MHz, there is no doubt that SRFM is the most effective way to evaluate the frequency-dependent characteristic of power cables as well as cable connectors. As discussed in Section 4, K r provides a more intuitive shielding effect analysis than transfer impedance Z t in ohmic region. At higher frequency (typically above 1 MHz), TM, LIM, CPM, and GPM can be used due to the resonance effect of SRFM.
Considering the difference of geometric characteristics (diameter of cable, shape of connector, etc.) of power cables and cable connectors (see Fig. 9 .a)), different sizes of triaxial cubes and fixtures in TM should be integrated before each test session, which makes setup preparation time consuming and expensive [25] .
LIM can be used for coaxial and symmetrical cables and cable connectors (e.g., type N, BNC and SMA connector), and test results in [30] demonstrate good repeatability. Note that the advantage of LIM, compared with TM, can delay the appearance of resonance caused by measurement configuration. Nevertheless, different results of transfer impedance Z t are given over different orientations of injection line along the sample under test (i.e., the asymmetric power cables and cable connectors) [23] , [25] . Moreover, as per a test report provided by STIEE, the deviation of Z t results caused by the asymmetrical power cables and cable connectors is approximately 1mΩ/m from 100 kHz to 120 MHz [31] . When the frequency is low, the corresponding value of Z t is about several mΩ/m , the orientation of injection line along the sample has a significant influence on the test results of Z t . In order to reduce the influence of deviation on test results, multiple comparison test for different orientations of injection line along the sample should be carried out for the same, and it means that LIM may take a long time.
CPM and GPM are barely independent of the geometric characteristics of power cables and cable connectors. Obviously, the typical cable-connector assembly in Fig. 9 .b) can be regarded as cable under test discussed previously. It is worth noting, however, that the transfer impedance Z t (Ω) of connector should remove the effects of power cables with coupling length L − L connec from the measurements. Referring to CPM, when the current probe is in different positions, i.e., different measurement locations of I s , the test results are almost unaffected [32] . GPM provides a more flexible testing procedure of transfer impedance Z t , and covers a widefrequency range from 10 kHz to 300 MHz over well-matched Fig. 9 . Picture of the typical 2-and 3-position power cableconnector assemblies a), and the corresponding sample under test b). In specific, A 1 , B 1 , andC 1 represent the port between power cable and connector, respectively. The header is assembled on a shielding box, A 2 , B 2 , andC 2 are the inner conductors of connector and header. Arbitrary port, together with shielding box and the braided-shield power cables at both ends, are used to form a complete quasi-coaxial structure.
primary and sencondary loops [25] . Test results compared with TM and LIM show that GPM can be used as an alternative method for the commonly used measurement methods of transfer impedance Z t . The obvious disadvantage is the real difficulty to weld the chip-size surface mounted resistors for well-matched impedances of primary and sencondary loops.
Consequently, for low frequencies (typically below 1 MHz), SRFM can be used as an alternative to the transfer impedance methods, and provide more intuitive evaluation of shielding performance in ohmic region. As frequency increases to 110 MHz, LIM is the first choice for the Z t measurement of coaxial and symmetrical power cables and cable connectors. Regarding the asymmetric power cables and cable connectors, either CPM or GPM can replace the standard TM and LIM, and provide alternative measurement setup.
CONCLUSIONS
The first aim of this paper was to provide an overview of existing measurement methods for electromagnetic shielding performance of braided-shield power cables. To that end, characteristic parameters for the braid shield of cables, including transfer impedance and shield reduction factor, are discussed in terms of the equivalent circuit. And the corresponding transfer impedance and shield reduction factor methods are of different usable frequency ranges, different measurement configurations, suitable for different types of power cables and cable connectors, and have been utilized for different purposes in the past.
A brief comparative analysis for transfer impedance and shield reduction factor, reported in the paper, illustrated that shield reduction factor at low frequencies (typically below 1 MHz) is more intuitive for evaluating the shielding performance of braid shield in ohmic region. For higher frequencies (1 MHz to 110 MHz), transfer impedance increases linearly with the frequency, and consequently, the corresponding transfer impedance methods are more suitable.
Among those, SRFM is the simple and more effective one at lower frequencies, regardless of the geometric characteristics of cables and cable connectors. For TM, the usable cable types are limited and it is not suitable for cable connectors, while LIM can be used for the measurement of coaxial and symmetrical samples. CPM and GPM are barely independent of the geometric structures of cables and cable connectors, and can be used as an alternative test procedure to TM and LIM.
